The influence of LiCl coexistence with Al electrodeposition was investigated in a dimethyl sulfone, DMSO 2 , bath containing AlCl 3 at 403 K. The electrochemical behaviors of Li and Al ions were examined using Pt electrodes in the bath and the deposition mechanism was analyzed by cyclic voltammetry, CV, with an Al reference electrode in the bath. The coexistence of LiCl in the AlCl 3 -DMSO 2 bath inhibited the cathodic current corresponding to Al deposition in the CV experiment. The amount of ca. 500 μmol Al deposits was obtained in constant potential electrolysis for 1 h at -2 V in the bath with 10 mol% AlCl 3 . However, it decreased to 140 μmol Al in the bath with 10 mol% AlCl 3 and 5 mol% LiCl. It was clarified that LiCl addition led to the formation of Li(DMSO 2 ) + more than the formation of ( ) Al DMSO + complex ions, which is said to be necessary for Al electrodeposition.
( ) 3 2 3 Al DMSO + , formed according to the following reaction, although some researchers suggest the coexistence of 2 7 Al Cl − [44] [46] . In this study, we investigated the electrochemical behavior in an AlCl 3 -DMSO 2 bath with LiCl addition to obtain the effect of Li ions on the ( ) 3 2 3 Al DMSO + formation and Al deposition from NMR analysis for the bath and constant potential electrolysis, respectively. The possibility of Li electrodeposition was also examined in a LiCl-DMSO 2 bath.
Experimental

Electrode Preparation
Platinum plate and copper plate (>99% purity, Nilaco) were used as working electrodes for cyclic voltammetry, CV, measurement and electrolysis at a constant potential. They were masked with insulating tape, Nitoflon, leaving an exposed surface area of 1.0 cm 2 . The Cu plate was wet-polished with 400 emery paper, and the Pt plate was also wet-polished, immersed in hydrochloric acid, washed with distilled water, and then washed with acetone for 20 min before tape masking. An Al rod (>99.99% purity, Nilaco) was immersed in the bath as a reference electrode, Al/Al 3+ . Pt plate was also used as a counter electrode.
Bath Preparation
To remove moisture of ca. 300 ppm contained in DMSO 2 (99 mass%, Tokyo
Chemical Industry, Japan), the DMSO 2 powder was maintained at 353 K for 72 h in a constant temperature drier (DO-450 A, AS ONE Corporation) and melted at 403 K. The amount of DMSO 2 used in each experiment corresponded to 0.2 mol.
A bath with 10 mol% or 20 mol% AlCl 3 was prepared by adding aluminum chloride, AlCl 3 (98 mass%, Nacalai Tesque, crystallized), to the melted DMSO 2 .
Further, a Li-Al bath was prepared by adding 0 -20 mol% of lithium chloride, LiCl (98 mass%, Nacalai Tesque, crystallized) to each Al bath. Bath preparation was conducted in an Ar-filled glove box.
Electrochemical Measurements and Characterization of Deposits
Electrochemical properties were measured in the Ar-filled glovebox with a potentiostat/galvanostat (BioLogic, SP 150). Cyclic voltammograms were obtained at the potential region between -3.5 V and 3.5 V vs. Al/Al 3+ at a scan rate of 100 
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Li and 27 Al NMR spectra were obtained at 130.3 MHz using a 500 MHz NMR spectrometer (Agilent Technology). All chemical shifts were referenced to D 2 O containing 1.5 M Al(NO 3 ) 3 , which was used as an external reference. Samples were placed in 10 mm NMR tubes with a 5-mm coaxial tube filled with DMSO-d 6 as a lock solvent. Spectra were gathered at 403 K, as in the electrochemical measurements. 
Characterization of Electrodeposits
Li DMSO Li DMSO
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It is considered that Li was electrodeposited from the complex ion at the cathode by the reaction in Equation (3).
( )
Li DMSO e Li DMSO + + = +
To confirm Li deposition, electrolysis was conducted at potentials of −2.0 V, −2.5 V, −3.0 V, and −3.5 V for 1 h using a Cu plate as a working electrode. The appearance of the electrode surface is shown in Figure 3 . No deposits were observed on the surface at −2.0 V, slightly black at −2.5 V, and silver film whitened after washing at −3.0 V and −3.5 V. The whitened deposits are thought to be Li metal reacting with moisture in the air to form hydroxide after electrolysis. Gas evolution was also observed at the Cu electrode during electrolysis at every potential, which may be H 2 caused by the moisture contained in the LiCl resource.
In addition, to determine which electrochemical reaction occurred at several potentials for 1 h from the DMSO 2 bath with 15 mol% LiCl, XRD analysis was employed. Figure 4 shows that LiOH . H 2 O was slightly detected on the deposits obtained at −2.5 V, and a multiplicity of peaks of Li compounds such as LiOH and 
Electrochemical Behavior in DMSO2 Bath Containing AlCl3 and LiCl
It is known that Al is electrodeposited from a bath of AlCl 3 -DMSO 2 [33] [43]
[45] [46] . Therefore, it was verified whether it could be precipitated as an Al alloy by adding another metal chloride to this system. An attempt was made to determine by CV the oxidation-reduction peak of Al and the oxida- Al DMSO + complex ions, which is said to be necessary for Al electrodeposition.
Constant potential electrolysis was carried out for 1 h at −2 V in all baths to clarify the Al and Li deposition. The surface state of Cu electrodes after constant potential electrolysis in each bath is shown in Figure 6 . In baths (a) and (f) 
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In addition, to estimate the effect of ions present in the bath on the deposit component, the NMR analysis on all electrolytic baths was carried out for 10 mol% AlCl 3 bath ( Figure 9 ) and for 20 mol% AlCl 3 bath (Figure 10) Al DMSO + exist in the baths. Al NMR spectra of 10 mol% AlCl 3 /DMSO 2 containing from 0 to 20 mol% LiCl. AlCl Cl AlCl
A peak corresponding to 4 AlCl − was detected in the vicinity of 104 ppm in all baths [33] . In the bath containing LiCl, a peak corresponding to Li(DMSO 2 ) + was detected around −2 ppm [47] . The peak of ( )
Al DMSO + appearing between −22 ppm and −2 ppm decreased with increase in LiCl. The peak of ( )
Al DMSO + was not detected in 10 mol% AlCl 3 baths with 10 mol% or more
LiCl and in 20 mol% AlCl 3 baths with 20 mol% LiCl. Table 2 lists data for relative species abundances corresponding to the spectra of Figure 9 and Figure  10 , where the contributions from underlying peaks were estimated by deconvolution of shoulders in some cases if sufficiently distinct. These ratios were calculated from the compositional ratio (AlCl 3 /LiCl) of the baths determined by titration and alternately from the integrated areas under the assigned NMR peaks, and are compared here. The values determined from titration and the NMR signals for a given bath should agree; thus, comparing them, should serve as a cross-check of the composition. Since ( )
Al DMSO + decreased and Li(DMSO 2 ) + increased with the addition of LiCl, Li + tended to form a complex with DMSO 2 , and it is considered that LiCl inhibits the formation of ( ) 
Conclusions
In this study, in addition to how Li ion behaves in a LiCl-containing DMSO 2 bath, we also investigated how to change the behavior of Al ions and Li ions by adding LiCl in an AlCl 3 -DMSO 2 bath capable of Al electrodeposition. Furthermore, after conducting constant potential electrolysis in each bath, surface analysis of the working electrode and analysis of ions in the electrolytic bath were carried out to obtain the following findings. 1) In the CV measurement in a LiCl-containing DMSO 2 bath, the rise of current from around −1.4 V, which is considered to be the redox of Li ions, was observed. Li can also be precipitated from DMSO 2 as in Al from the analysis result of electrodeposition obtained by constant potential electrolysis in DMSO 2 -15 mol% LiCl bath. From the NMR analysis in a DMSO 2 -15 mol% LiCl bath, both Li form a complex ion with DMSO 2 .
2) In CV measurement in a bath containing LiCl added to an AlCl 3 -DMSO 2 bath, current responses considered as oxidation and reduction of Al ions and Li ions are observed simultaneously. In the constant potential electrolysis in a bath in which LiCl was added to an AlCl 3 -DMSO 2 bath, the state of the electrodeposition changed as the amount of LiCl added increased. Because LiCl inhibits the formation of ( ) 3 2 3 Al DMSO + , which is necessary for Al electrodeposition from DMSO 2 , it inhibits the electrodeposition of Al.
